Chemical elements such as selenium, fluoride, iron, calcium and magnesium are essential to the human being, although some are toxic when absorbed in high doses. In this paper, the risks associated with insufficient and excessive intake of selenium in the diet are reviewed, focusing on drinking water. Two different approaches are used to derive recommended nutrient intakes (RNI) for adequate nutritional status and guideline values to prevent excessive exposure. The former is based on the daily intake which meets the nutrient requirements of 97.5% of the population. The latter is a value derivation based on an assumed daily per capita consumption at the individual level, a conservative approach used where there is any uncertainty and is related to a negligible risk to health at population level across life stages. There is an increasing need to develop a conceptual framework bringing together aspects of toxicity and essentiality especially for elements apparently exhibiting narrow or overlapping ranges between essentiality and toxicity and to provide guidance on the nature and severity of risks in order to better protect human.
INTRODUCTION
As the world population continues to increase, there is progressively more pressure on water resources, including groundwater. Deeper aquifers are increasingly exploited, increasing the potential of accessing mineral-rich groundwater. The pressure on water resources is also leading to the widespread use of desalination or demineralization processes in order to obtain freshwater, which depletes the source water of any essential or beneficial nutrients, which might be present (WHO 2005) . These factors will lead to the risk of more populations being exposed to either high levels, of potentially toxic elements or to much lower levels of essential elements where water is an important contributor.
There is increasing public concern about the adverse health effects from chemical elements ingested through drinking-water. However, drinking-water is also used in the preparation of foods that can absorb minerals or in which it constitutes a major part, with a resulting increase in intake through the diet. For example, it has been reported that between 28 and 35 million people in Bangladesh are exposed to dangerously high levels of arsenic in drinkingwater (Barry & Hughes 2008 ) many of whom suffer the health consequences of this exposure. It is important that such concerns do not result in authorities losing sight of considerations of practical achievability and the fact that some elements do provide benefits.
Selenium is a naturally occurring element and can be found at varying concentrations at the Earth's surface, whether in rocks, soil, plants or water. In water, its concentration ranges from ,1 mg/L to about 400 mg/L, although depending on geological factors, concentrations as high as 6,000 mg/L have been recorded, leading to a wide spectrum of human exposure. Human exposure to selenium doi: 10.2166/wh.2009.060 is primarily through food, followed by water consumption and least through air. The contribution of selenium from drinking-water to the total diet can vary extensively, although in many regions it is very low. However, this contribution has not yet been adequately quantified and is not taken into account with respect to total dietary intake.
Its role and metabolism in the human body is complex.
Unlike arsenic or other toxic elements, there needs to be a balance between a safe and sufficient intake and toxicity.
Cases of selenium deficiency (Keshan disease) and selenium toxicity have occurred within 20 km of one another in Hubei Province, China (Fordyce et al. 2000) . These cases were linked to selenium levels in the environment and specifically to geological substrata. This particular study emphasizes the localized variation in geological distribution that may occur in any one region, and that availability of selenium may be controlled not only by geology but also by other factors, including total soil selenium content and pH, which will influence uptake by plants (Fordyce et al. 2000) .
Studies have shown beneficial effects of selenium for health and it is implicated in the protection of body tissues against oxidative stress, maintenance of defenses against infection, and modulation of growth and development.
Excessive intake of selenium, on the other hand, is reported to be linked to a number of adverse health outcomes, including loss of hair and nails, skin lesions and gastrointestinal disturbances among others.
The present World Health Organization (WHO) guideline value for selenium in drinking-water was set at 10 mg/L by the WHO in the second edition of the Guidelines for Drinking-Water Quality (WHO 1996) and this was maintained at the publication of the third edition in 2004. However, the process of "rolling revision" of the guidelines has identified the need to reconsider the value in part in response to the tension between nutritional and toxic effects.
SELENIUM AND THE ENVIRONMENT
Selenium in the environment is distributed unevenly between the terrestrial, aquatic and atmospheric compartments. The natural processes that distribute selenium throughout the compartments are: volcanic activity; rock and soil weathering; leaching of soils; transportation by groundwater; uptake and release by plants, animals and micro-organisms; adsorption -desorption reactions; chemically and biologically mediated oxidation -reduction reactions; and mineral formation (McNeal & Balistrieri 1989) . Selenium concentration in rocks usually ranges from 0.05 to 0.09 mg/kg, and is commonly associated with sulphide ore deposits (Adriano 2001) . (Olson & Palmer 1984; Combs 2001; Hamilton 2004) and Venezuela (Bratter et al. 1991 (Bratter et al. , 1993 . For example, an assessment of what accessory elements were concentrated with uranium and vanadium in the ore deposits in Utah, USA, reported selenium levels up to 6,000 mg/L in groundwater (Cannon 1964) . Levels between 26 and 1,800 mg Se/L in spring water were also reported in New Mexico (USA)
by Valentine et al. (1978) . Three springs were tested and all three contained high levels of both uranium and selenium in the proximity of mines. Selenium in well waters used by an Ute Indian family in Colorado (USA) was found in a concentration of 9,000 mg Se/L (Beath 1962) .
Other studies have reported varying concentrations of selenium in ground and surface water, ranging from low concentrations of 0.06mg Se/L to what is considered to be elevated levels, in excess of 50 mg Se/L (Lindberg 1968; Barceloux 1999) (Table 1 ).
Chemical speciation is of particular interest in environmental and toxicological analyses as the toxicity of an element, its biological availability and transport mechanisms often depend on the chemical form in which it is present. This may have implications for the use of a water as a source for drinking-water (De et al. 2002) . to be present more in seleniferous soils and sediments (Zhang & Moore 1996) . Selenate has been reported to be more mobile than selenite in water and in soils (McLean & Bledsoe 1992; Strawn et al. 2002) .
The major source of selenium intake for humans is usually food, with seafood and meat, as well as grains and cereals, being the most important sources. Organic selenium compounds (selenomethionine, selenocysteine) are the major selenium species in foods. Cereals and vegetables contain less than 0.01 mg Se/kg, while root vegetables and sulfur-rich plants (broccoli, mustard) can contain higher concentrations (Barceloux 1999) . Meats and seafood usually contain concentrations between 0.4 and 1.5 mg Se/kg (WHO/FAO/IAEA 1996). The selenium contents of foods from plants and most livestock will depend, ultimately, on the levels and species of selenium in soils. Cereals grown in low selenium soils will give rise to low selenium levels in the grain and vice versa.
Similarly, grasses grown on low selenium soils lead to the need to provide supplements for cattle feeding on the grass.
SELENIUM & HEALTH
Selenium is an essential element for humans and animals for adequate bodily function. Studies have shown beneficial effects for health, and it is implicated in the protection of body tissues against oxidative stress, maintenance of defences against infection, and modulation of growth and development as well as its possible anti-carcinogenic properties (Fishbein 1986; Hocman 1988; Schrauzer 1992 Schrauzer , 2000 Ganther 1999; Combs et al. 2001; Spallholz et al. 2004; Rayman 2005; Zeng et al. 2005) . Among the literature on selenium's beneficial effects, a review by Spallholz et al. (2004) suggests that low selenium dietary intakes may be a contributory factor for arsenicosis and cancer in Bangladesh as well as in West Bengal in India. A relationship between low-level selenium status and the prevalence of cancer and heart disease has also been suggested by a number of different studies (Brawley et al. 2001; Wojtczak 2003; Klein & Thompson 2004) , although this remains controversial (Moyad 2002; Allen et al. 2004) . Vinceti et al. (1994) studied cardiovascular mortality in a town in northern Italy, in which the selenium concentration of drinking water had been reduced from 7 mg/L to less than 1 mg/L. They reported an apparent increase in cardiovascular mortality. One death in males and two in females occurred from coronary heart disease prior to the change (between 1986 and 1988) ; following the Cannon (1964) and Glover et al. (1979) Colorado (USA) 9,000 mg Se/L Well waters Beath (1962) decrease of selenium in drinking water, 21 males and 10 female deaths from coronary heart disease were reported in the subsequent 4-year period (between 1988 and 1992) in a cohort of 4419 individuals, previously exposed for at least five years to the drinking water with higher selenium content.
Another study by Vinceti et al. (2001) suggested that selenium species exhibit a bivalent effect in cancer, either increasing or decreasing risk. However, the studies carried out by Vinceti et al. (1994; 2000a,b; Several epidemiological studies and case studies have reported the link between chronic exposure to selenium compounds in the diet and adverse health effects in humans.
The adverse effect of chronic high selenium exposure has been widely reported from various regions in China, where populations exhibited typical symptoms of chronic exposure to selenium, fatigue, lesions of the skin, loss of nails and hair, loss of appetite, gastrointestinal disturbances, cardiac insufficiency and congestive heart failure (Yang et al. 1983 (Yang et al. , 1988 (Yang et al. , 1989a Yang & Xia 1995; Bratter et al. 1991; Ge & Yang 1993; Yang & Zhou 1994; Combs 2001) . Other studies reporting signs of selenium toxicity as a result of excessive exposure through drinking-water have been conducted in rural families living in seleniferous areas in Nebraska and South Dakota (USA). Values as high as 92 mg Se/L in drinking water were reported; however, intake from other sources was not clear (Smith et al. 1936 , Johnson & Roth 1978 .
Symptoms included gastrointestinal disturbances, discoloration of the skin and decayed teeth (Smith & Westfall 1937) .
The average dietary intake of selenium associated with selenosis has been reported to be . 900 mg/day (Yang et al. 1989b; ATSDR 2003) . One case of selenium poisoning directly attributable to a water source has been reported in a family that was exposed for about three months to well water containing 9,000 mg/L of selenium. They suffered hair loss, weakened nails, and neurological symptoms, but recovered once they ceased consuming water from the contaminated well (Smith & Westfall 1937; Rosenfeld & Beath 1964) .
Data from studies in China indicate that in areas in
which selenium intake was high but in which no symptoms of selenosis were apparent, the average daily intake was 0.75 mg/day, and in areas of chronic selenosis, selenium intake was 3.2-6.99 mg/day (Yang et al. 1983) . However, other studies (Longnecker et al. 1991 ) have failed to identify adverse effects in populations in North Dakota consuming similar quantities of selenium to those identified in China (Levander 1994) , possibly demonstrating the impact of differences in overall nutritional status. In a study of adults taking selenium supplements, Reid et al. (2004) found that there were no adverse effects in individuals taking 1,600 mg selenium/day and although a group taking 3,200 mg/day reported adverse effects, these did not coincide with peaks of blood selenium, and no clinical effects were observed.
It may be that differences in exposure levels, at which population-level effects are detectable, relate to other aspects of diet, overall nutritional and health status. There is also the possibility of subtle (sub-clinical) effects that are not clinically apparent. For example, studies by Valentine et al. (1980 Valentine et al. ( , 1987 Valentine et al. ( , 1988 reported that, while no noticeable effects were experienced in populations (exposed to high or low levels of selenium) a reduction in glutathione peroxidase activities in the highly exposed individuals was observed. This was in contrast to circumstances in which selenium supplements were given to individuals who were selenium deficient and showed an increase in glutathione peroxidase activity (Valentine et al. 1988) . Such differences could impact on the way in which the body handles other stressors and toxicants. In the case of selenium, applying these two approaches -both which seem at first glance to be in a comparable unit (i.e. ug/kg or ug/L) leads to a range between essentiality and toxicity that is apparently narrow, but is actually not directly comparable. The process of applying uncertainty factors may result in an intake below the recommended nutrient intake (Renwick 2006) . This may therefore result in making the accepted range excessively narrow with potential serious implications. Overcoming this conundrum between approaches will require aspects of toxicity and essentiality for elements exhibiting narrow and often overlapping ranges to be considered together in a harmonized manner.
A level of acceptability for each needs to be reached in order to better protect human health from adverse effects resulting from exposure to either high or low quantities of chemicals such as selenium from the environment through their total dietary intake. There is a need to support the adoption a holistic approach between toxicity and essentiality, and that this approach be taken collaboratively with different sectors and at different levels within these. Overall, reliance on determination of chemical element detection in drinking water alone is insufficient to protect public health.
This paper has discussed a number of the issues for developing guidance for chemical contaminants in drinkingwater, particularly for those elements that are either essential or beneficial at relatively low concentrations and for which there are other significant sources of exposure. Selenium is a good example of the dilemmas and difficulties that are encountered and demonstrates the need to consider guidelines and standards for such constituents of drinking-water in a much more holistic way and not just from the point of view of toxicity. However, some of the issues also apply to those constituents that are not considered to provide benefits since it is important to achieve an appropriate balance between taking a precautionary approach to avoiding toxicity and the costs and practical difficulties that may be encountered by communities on the ground.
DISCLAIMER
The corresponding author is a staff member of the World Health Organization. The authors alone are responsible for the views expressed in this publication and they do not necessarily represent the decisions or policies of the World Health Organization.
